ease Control and Prevention, the World Health Organization, and other government offices, as well by not-for-profit organizations, epidemiologists, physicians, psychologists, nurses, and others. Nicotine also has received an extraordinary amount of research attention for its role in tobacco use and as a possible treatment for physical and mental health disorders. Therefore, it is noteworthy and impressive when a new investigation of nicotine makes a meaningful contribution to the research literature. The article by George et al. (3) in a recent issue of PNAS does just that. These investigators address the critical, and poorly understood, biological mechanism for the nicotine abstinence syndrome (or nicotine ''withdrawal''). They make a sound argument that corticotropin-releasing factor (CRF)-CRF 1 system activation underlies nicotine withdrawal. They also suggest that this system is the biological basis of negative reinforcement that plays a key role in difficulty abstaining from tobacco and in relapsing to tobacco use. If correct, then this article is a watershed paper in the science of nicotine addiction and suggests new pharmaceutical directions to help tobacco users abstain.
Arguably, nicotine is the most important drug of addiction in history. Alcohol, opiates, caffeine, cocaine, amphetamines, and other drugs certainly are important, but nicotine has the distinction of wreaking more havoc through tobacco use and offering more hope as a medicine than all of the other drugs. Tobacco-related illnesses cause more deaths each year (440,000 per year in the United States and 5 million per year worldwide) than do all other drugs plus homicides, suicides, motor vehicle accidents, HIV/AIDS, and fires. Cigarette smoking causes approximately one in every five deaths in the United States, and 1,200 Americans die each day from tobacco use. Put even more starkly, tobacco use has a death toll equivalent to that of the 9/11 tragedy but occurring two to three times per week, all year round. Nicotine is the primary drug of addiction in tobacco, and it maintains a powerful hold on its user, despite knowledge about the deadly effects of tobacco. Yet nicotine also offers promise as a treatment for obesity, attention disorders, depression, Parkinson's disease, Alzheimer's disease, senile dementia, and pain.
Arguably, nicotine is also the most interesting drug of addiction in history. Certainly, all of the drugs of addiction are fascinating, and each has biological and psychological actions and mechanisms that are well worth studying. However, only nicotine can bring us up when we are down and calm us down when we are up. Nicotine can have a mild euphoric effect, control hunger, focus attention, attenuate pain, relieve anxiety and depression, and help us cope with stress. Other addictive drugs are either CNS stimulants (e.g., cocaine, amphetamines, caffeine) or CNS depressants (e.g., alcohol, opiates, barbiturates). Although nicotine is categorized as a CNS stimulant, its effects seem to depend on the state or needs of its user (animal or human) and have earned it the nickname of a ''paradoxical'' drug (4).
Tobacco and Nicotine Research
Understanding the importance of George et al.'s article (3) requires a perspective on what has been studied about nicotine and what is missing. Historically, the study of tobacco and the study of nicotine were on separate tracks. Tobacco has played, and continues to play, a monumental role in the U.S. economy, and centuries of study focused on issues related to agriculture, manufacturing, production, marketing, and so on. Tobacco science has a long and sophisticated history within and outside the tobacco industry. Separately, nicotineisolated, identified, and synthesized in the 19th century-became a valuable tool in pharmacology and played a key role in the discovery of neurotransmission and receptor biology (2) . In the 20th century, investigators began to consider and study whether nicotine was the key ingredient responsible for many of the effects of tobacco (5) . In the 1960s, a few investigators outside the tobacco industry focused on nicotine's role in tobacco use (6) (7) (8) (9) 
Nicotine, Stress, and Negative Reinforcement
There is a strong correlation between stress and cigarette smoking, and it is clear that stress results in increased cigarette smoking (2, 18) . Although cigarette smokers report that they smoke to help cope with stress, this perception does not necessarily mean that smoking actually reduces stress compared with nonsmokers not smoking. There is evidence that smoking helps to modulate mood (perhaps through serotonergic actions), relax skeletal muscles, and relieve pain, and that it has other effects that may be stress-reducing (2, 10). However, smokers may perceive and report that smoking reduces stress because abstinence from smoking causes stress and because cigarette smoking relieves withdrawal effects in smokers (i.e., negative reinforcement) (19) . Therefore, smoking may be stressreducing compared with the stress of withdrawal, but smoking might not reduce stress compared with controls (i.e., smokers not smoking). Benwell and Balfour (20) reported that nicotine withdrawal results in increased corticosterone, but the importance of that discovery to the understanding of nicotine abstinence (i.e., the connection between mechanisms of stress and mechanisms of nicotine withdrawal) was not fully appreciated at the time. Other investigators suggested that stress alters nicotine pharmacokinetics (i.e., nicotine selfadministration increases under stress because stress decreases the availability of nicotine) and that stress alters nicotine pharmacodynamics (i.e., nicotine becomes more rewarding under stress) (2, 15) . A few investigators (e.g., refs. 21 and 22) have focused on nicotine withdrawal, and there has been speculation about the biological commonalities of stress and drug abuse (2) . However, most of the neurobiology of nicotine emphasizes the actions of nicotine rather than the actions of abstinence from nicotine. The brilliance of George et al. (3) was to pick up on the connection (as has been done with other drugs of addiction) between stress and withdrawal and to conduct careful and programmatic experiments.
George et al. (3) report that (i) precipitated nicotine withdrawal in rats increases CRF levels in the central nucleus of the amygdala; (ii) precipitated withdrawal increases anxiety-like behavior through activation of CRF 1 receptors; (iii) cessation of nicotine exposure in rats previously exposed to nicotine increases nicotine selfadministration; and (iv) antagonism of CRF 1 receptors prevents ''abstinence''-induced increases in nicotine intake. This series of experiments provides strong support for the idea that CRF 1 is involved in the biology and behavior of nicotine withdrawal, including negative reinforcement (i.e., offsetting the unpleasantness of cessation) and relapse (i.e., a return to self-administration). In other words, nicotine withdrawal is indeed a stressor that acts via the CRF-CRF 1 system, which in turn results in increased nicotine selfadministration to offset stress. This finding also suggests that pharmaceutical interventions should be developed to intervene in the stress system, to attenuate withdrawal-induced smoking relapse. Several nicotine-replacement therapies (e.g., gum, patch, lozenge, inhaler) and other pharmaceutical treatments (buproprion, varenecline) to help people quit smoking are now available, but none of these treatments focuses on the CRF system.
What To Do Next
The report by George et al. (3) is just the beginning of what should be a vibrant area of research. For example, it would be valuable to expand this line of work to include other anxiety-like behaviors (e.g., elevated plus-maze center time) and behavioral controls (e.g., open-field locomotor activity) to more fully understand the types of and extent to which anxiety-like behaviors are involved in, and altered by, nicotine cessation. It also would be valuable to measure brain levels of nicotine and the central binding of nicotine (including receptor subtypes and loci) that are involved in the nicotine cessation-CRF effects. In addition, it is important to consider individual differences (including sex, age, and genotype) in the nicotine cessation-CRF effects, to help tailor pharmaceutical treatments to individual needs and to optimally integrate pharmacological and psychological tobacco-cessation treatments because it is clear that these variables are relevant to the actions of nicotine and to the responses of stress systems (23) . With so many people in need of help to abstain from smoking and to deal with stress, it is wonderful when basic science makes a meaningful contribution.
